background: Some studies, but not all, support the hypothesis that trisomy frequency is related to the size of the oocyte pool, with the risk increased for women with fewer oocytes (older ovarian age). We tested this hypothesis by comparing hormonal indicators of ovarian age among women who had trisomic pregnancy losses with indicators among women with non-trisomic losses or chromosomally normal births. The three primary indicators of advanced ovarian age were low level of anti-Müllerian hormone (AMH), high level of follicle-stimulating hormone (FSH) and low level of inhibin B.
Introduction
Some studies, but not all, support the hypothesis (Warburton, 1989; Kline and Levin, 1992 ) that trisomy frequency is related to the size of the oocyte pool, with the risk increased for women with fewer oocytes (older ovarian age). We tested this hypothesis by comparing three hormonal indicators of ovarian age among women who had trisomic pregnancy losses with those among women with non-trisomic losses or chromosomally normal births.
The risk of trisomy increases with maternal age, with a dramatic rise after the mid-30s. The oocyte pool, which is formed during foetal development, is largest around 4-5 months of gestation (Baker, 1963) and decreases with chronologic age, either as an exponential function (Thomford et al., 1987; Kline and Levin, 1992) or as a power function (Hansen et al., 2008) . Despite this overall decline, oocyte count varies among women of the same chronologic age. We hypothesize that at any given chronologic age, the trisomy risk is related to the size of the oocyte pool.
Potential mechanisms linking the size of the oocyte pool to trisomy include changes in intra-or extra-follicular ovarian factors. We examined three hormonal indicators of ovarian age: anti-Müllerian hormone (AMH), follicular-stimulating hormone (FSH) and inhibin B. AMH, which is expressed by the granulosa cells, is detectable in some primary and secondary follicles (2-6 granulosa cell layers) and in essentially all pre-antral and small (,6 mm) antral follicles (Weenen et al., 2004; Stubbs et al., 2005) . In a sample of 42 ovaries obtained by oophorectomy (Hansen et al., 2010) , the age-adjusted correlation between serum AMH and ln(number of primordial follicles) was 0.48, supporting the view that AMH reflects the size of the oocyte pool. FSH, a gonadotrophin under negative feedback of two ovarian hormones, inhibin B and estradiol (Burger, 1994 (Burger, , 2000 , reflects the quantity or quality of the antral follicles; it may also provide an indirect measure of characteristics of the underlying oocyte pool (Goldenberg et al., 1973; Klein et al., 2002) . Inhibin B, produced by the granulosa cells of the antral follicles (Groome et al., 1996; Welt et al., 1999; Burger, 2000; Luisi et al., 2005) , reflects the quality and, perhaps, the quantity of antral follicles, which reflect the size of the underlying oocyte pool.
We also examined associations with estradiol because some reports (Klein et al., 1996 (Klein et al., , 2000 suggest that, among older regularly cycling women, the dominant follicle emerges early, with a consequent early rise in estradiol.
Several observations support the idea that the size of the oocyte pool influences the trisomy risk. (i) One early experiment (Brook et al., 1984) showed higher rates of aneuploidy among mice with unilateral oophorectomies than among sham-operated mice. In women, however, observations relating oophorectomy to trisomy are inconsistent (Freeman et al., 2000; Warburton and Kline, 2001) ; inferences are further limited by the small number of women studied. (ii) Age at menopause is 1 year earlier among women with trisomic spontaneous abortions (SAs) than among women with chromosomally normal pregnancies (Kline et al., 2000) . Since menopause occurs when the oocyte pool falls below a critical threshold, this observation is consistent with the oocyte pool hypothesis. (iii) Elevated FSH is more common in women after a Down syndrome birth than in controls (van Montfrans et al., 1999 (van Montfrans et al., , 2001 . (iv) In samples consisting mainly of women pregnant by assisted reproduction, the evidence is mixed: one study (Nasseri et al., 1999) suggests a possible association of elevated FSH with aneuploidy, the majority trisomic, among pregnancy losses, whereas another (Massie et al., 2008) does not. A third study (Haadsma et al., 2009) shows fewer retrieved oocytes, a possible indicator of diminished ovarian reserve, among women with trisomic pregnancies. (We exclude from consideration studies that used fluorescent in situ hybridization (FISH) to assess aneuploidy in blastomeres because recent results using genomic microarray (Treff et al., 2010) suggest that, in this circumstance, FISH does not provide accurate results.)
In an earlier sample (the New York study), we assessed ovarian age with three indicators: antral follicle count, FSH and inhibin B. The three indicators, defined continuously, did not differ between women with trisomic losses and women of the same age with chromosomally normal births or women with non-trisomic losses, failing to confirm the hypothesis. On the other hand, when we dichotomized each measure to define 'old' ovarian age, trisomy appeared to be positively associated with FSH ≥10 mIU/ml and inhibin B ≤20 pg/ml (the limit of detection of the assay), although the confidence intervals for both associations included unity (Kline et al., 2004) .
The present paper draws on a second, larger sample (the New Jersey study) and the New York sample to compare hormonal indicators of ovarian age between women who had trisomic pregnancy losses and women who had other losses (non-trisomic chromosomally abnormal, chromosomally normal) or who had chromosomally normal births.
Materials and Methods
The design and protocol for the New Jersey and New York studies are similar. The New Jersey study, described in full by Warburton et al. (2009) , was designed to examine the relation of highly skewed X chromosome inactivation to trisomy. We saved sera in anticipation of the current analyses. We describe the protocol related to the hormone component in full here. The New York study (Kline et al., 2004) , designed to test the oocyte pool hypothesis, is described briefly here. For the New York sample, this paper adds the measure of AMH and a new measure of inhibin B.
The New Jersey study the protocol From 25 February 2003 to 18 November 2005, we identified women age 18 or older with singleton SAs of developmental age ,18 weeks whose products of conception were submitted to the Pathology Department of a hospital in New Jersey. We asked permission to karyotype the abortus. If a woman's abortus was successfully karyotyped, we asked her to: (i) complete a short telephone interview to determine whether or not she was eligible for hormone measures in addition to measures of X chromosome inactivation; (ii) complete a more extensive telephone interview regarding demographic characteristics, obstetric and medical histories and common exposures; (iii) make one visit to the hospital for a blood draw and a brief update interview about recent exposures. Women who were eligible for hormone measures recorded their menstrual periods and had blood drawn on Days 2 -4 of the second or later menstrual period observed during follow-up.
For each woman with a SA who completed the study, we selected a woman with a chromosomally normal live birth (LB) ≥1800 g, without a major anatomic malformation, at the study hospital 6 -12 months prior to her selection. The purpose of the LB control group was to provide expected levels of hormones among women at the same chronologic age as women with SAs. LBs were matched to SAs for projected age (+6 months) at the blood draw. The LB served to identify a fertile sample; delivery at the study hospital served to ensure demographic comparability. Eligible LBs had no SA after the index pregnancy and no known prior chromosomally abnormal pregnancy. Candidates were selected from a roster of women who delivered between 1 April 2003 and 31 May 2006 and consented to contact about the research. Hospital staff asked 6505 women for permission to list them as candidates; 5346 (82%) agreed.
If an LB did not complete the study, we replaced her to obtain a comparison group as similar as possible in age to SAs who completed the study. If an SA was eligible for hormone measures, but her matched LB was not, we used the same procedure to select and enroll a second LB who was eligible for hormone measures.
Control recruitment began after SA recruitment because (i) we required that an SA complete the protocol before we selected her matched LB (so that we could match for age at blood draw) and (ii) if an SA was eligible for hormone measures, we required that the first selected LB complete her intake interview so that we could determine whether or not a second LB was needed. The protocol for LBs was identical to the protocol for SAs.
The interviewer knew the outcome of the index pregnancy, but she did not know the karyotype of the SA (except in the ,4% of instances when a participant revealed it). Hormones were measured without knowledge of any participant characteristics, including the outcome of the index pregnancy.
To obtain valid ovarian age measures, we required: no pituitary or hormonal disorder related to ovarian function, no oophorectomy, no hormonal medication, no pregnancy at the time of blood draw and no breastfeeding or breastfeeding no more than once per day during the menstrual cycle preceding the blood draw. The study reproductive endocrinologist (A.C.K.) reviewed the interview data to determine whether or not a participant currently had a condition associated with altered hormone levels. We required that samples for hormone measures be collected no later than the menstrual cycle that began 6 months after the SA or, for LBs, after mailing the letter requesting participation.
Field work ended in January 2007. The study was approved by the Institutional Review Boards at our university and the study hospital. All participants gave informed consent.
Women with SAs
We identified 855 SAs. Karyotype results were obtained on 498/517 (96%) specimens in which chromosome analysis was attempted, by either culture or FISH (Supplementary data, Table SI) . Among the 498 women with karyotyped losses, 211 (42%) provided samples for hormone measures. The principal reasons for not completing the hormone protocol were: refusal or withdrawal (22%) or ineligibility (34%), primarily due to pregnancy soon after the index SA (13% of the 498).
Women who completed the hormone component did not differ from those who did not in mean age. Among the 424 women who completed the first interview (which determined eligibility for hormone measures), adjusting for age, the odds of completing the hormone protocol did not differ with the number of prior births, number of pregnancy losses or ethnicity; the odds of completing the protocol were greater for women with prior induced abortions and for women with more education.
Analyses exclude (i) women for whom we consider the karyotype of the abortus uncertain (Supplementary data, Table SI, footnote c) and (ii) repeat study pregnancies (to maintain independence of observations). For the four women with a trisomic SA and another pregnancy outcome, we retained the trisomic SA.
LB controls
LBs were sampled with replacement. In total, we selected 892 LBs, of which 279 (31%) completed the hormone component (Supplementary data, Table SI ). (The number of LBs exceeds the number of SAs primarily because 61 LBs who completed the hormone component were matched to SAs who were not eligible for hormone measures.) The principal reasons for not completing the hormone protocol were: refusal or withdrawal (13%) or ineligibility (51%), primarily due to use of hormonal contraceptives or breastfeeding (21 and 15% of the 892, respectively).
Women who completed the hormone component were, on average, 1.1 years older than women who did not. Among the 765 women who completed the first interview, adjusting for age, the odds of completing the hormone protocol did not differ with education or number of LBs, SAs or induced abortions. The odds of completing were higher for nonHispanic white women than for other women.
Comparison of trisomy cases and controls
For this analysis, women with trisomic SAs constitute the case group (Table I) . They are compared with LB controls and two SA control groups: women with non-trisomic chromosomally abnormal losses and women with chromosomally normal losses.
As expected, trisomy cases are older than the other SAs and the LBs. Adjusting for age, the mean number of pregnancies ending in LB is higher and the mean number of SAs is lower among LBs than among trisomy cases or other SAs. In addition, the three SA groups and LBs differ in the mean number of induced abortions, although no two-group comparison was significant at a ¼ 0.05. The three SA groups and LBs do not differ in education or ethnicity. Three technical variables (day of blood draw, number of menstrual periods between index event and blood draw, interval between blood draw and assay) vary significantly between the three SA groups and LBs (Table I , see footnotes). Day of blood draw and storage interval are also related to one or more hormones: inhibin B is higher on Days 3-4 than on Day 2; FSH decreases and estradiol increases with increasing storage interval. We therefore adjust for 'day' and 'storage' in the analyses.
The New York study protocol and sample
The New York study (September 1998 -April 2001 was similar in design to the New Jersey study. It differed in the following ways: (i) it included women with singleton pre-fetal losses (developmental age ,9 weeks rather than 18 weeks); (ii) women with births were selected for trisomy cases only (rather than for all women with losses); (iii) we drew blood on Days 1 -4 (rather than Days 2 -4).
The analytic sample includes 54 women with trisomic SAs, 24 with nontrisomic chromosomally abnormal SAs, 22 with chromosomally normal SAs and 65 with LBs (see Kline et al. (2004) for a detailed description). This report draws on assays for FSH and estradiol carried out in February of 2002 and assays for AMH and inhibin B carried out in February -March 2008. Inhibin B was decreased in samples drawn on Day 1 and estradiol was increased in samples drawn on Days 3 -4; interval in storage was not related to any hormone.
Hormonal indicators of ovarian age
Blood samples were processed in a refrigerated centrifuge and, after separation, sera were frozen at 2208C (New Jersey) or 2258C (New York) at the study hospital. They were delivered to New York City and stored at -208C. AMH and inhibin B were measured by enzyme-linked immunosorbent assays (Diagnostics Systems Laboratories, Inc., Webster, TX, USA). FSH and estradiol were measured by solid-phase chemiluminescent enzyme immunoassays (Immulite; Diagnostic Products Co, Los Angeles, CA, USA). For AMH, sensitivity was 0.05 ng/ml; intra-and inter-assay coefficients of variation were 2.3 and 8.9%, respectively. For inhibin B, sensitivity was 15 pg/ml; intra-and inter-assay coefficients of variation were 3.9 and 6.1%, respectively. For FSH, sensitivity was 0.1 mIU/ml; intraand inter-assay coefficients of variation were 1.9 and 5.0%, respectively. For estradiol, sensitivity was 20 pg/ml; intra-and inter-assay coefficients of variation were 9.3 and 10.5%, respectively. Table II shows summary statistics for hormone levels and their correlations with chronological age in the two studies. Chronological age was related to AMH and FSH in the expected directions, but unrelated to inhibin B in the New Jersey sample, contrary to our expectation when we conceived this analysis (Kline et al., 2005) ; inhibin B was modestly associated with age in the New York sample. For estradiol, the modest positive correlation is compatible with observations that levels may be elevated during the menopausal transition (Klein et al., 1996 (Klein et al., , 2000 .
The statistical analysis

Primary analysis
We first examined associations with each of the ovarian age indicators separately. We used age-stratified multiple linear regression models (with indicator variables for age in single years) to test the null hypothesis that, at any maternal age, there is no difference between trisomy cases and any of the three comparison groups for any of the hormone measures. All analyses adjusted also for day of blood draw (an indicator variable) or duration of time in storage (continuous). We estimated the magnitude of differences between trisomy cases and each comparison group and set 95% confidence intervals around the estimates. We used a logarithmic transformation for each hormone to meet the normal error assumption of least squares regression. Thus, differences correspond approximately to percentage changes in the hormone level. The estimated percentage shift in hormone level is equal to 1 -exp(difference).
We checked the results with a complementary analysis using conditional (matched-sample) logistic regression (Breslow and Day, 1980; Levin, 1987 Levin, , 1990 . All analyses adjusted by stratification for age (single years) and by model parameters for day of blood draw and duration of time in storage. For these analyses, we analyzed hormone levels categorically. For AMH and inhibin B, we dichotomized as close as possible to the fifth percentile among LBs to define older ovarian age (≤0.186 ng/ml for AMH, ≤15 pg/ml for inhibin B). For FSH, we dichotomized at ≥10 mIU/ml, which corresponds approximately to the top five per cent for LBs. A level of 10 mIU from the Immulite assay has been used to define diminished ovarian reserve in several studies of pregnancy loss and aneuploidy ( Mean age varies (P , 0.0001) with the outcome of the index pregnancy. As expected, women with trisomy losses are significantly older than women with non-trisomy losses. Because live birth controls were age-matched to women with losses, women with chromosomally normal births are significantly older than women with chromosomally normal losses.
b Mean gestation does not vary significantly among the three spontaneous abortion groups. The number of menstrual periods varies (P , 0.0001) with the outcome of the index pregnancy. As expected, women with births had more menstrual periods between the index pregnancy and the blood draw than women with losses. The analysis excludes 14 women with unknown number of menstrual periods. The interval between the blood draw and the assay varies (P , 0.0001) with the outcome of the index pregnancy. Because recruitment of women with births lagged, necessarily, behind identification of women with losses, the interval is shorter for women with births.
et al., 2004). For estradiol, where either high or low levels might indicate older ovarian age, we used three categories: ≤20 pg/ml, the limit of detection (corresponding approximately to the 11th percentile), ≥85 pg/ml (the upper fifth percentile) and, as the reference group, levels between 20 and 85 pg/ml. To address the possibility that associations with trisomy might be attenuated by the presence of women with prior unkaryotyped trisomies (an estimated 7 -9% of LB controls), we repeated the primary least squares regression analyses using only the largest comparison group, LB controls, excluding from this group women with prior losses.
We carried out all analyses for each of the two samples separately. In the least squares regressions, we combined the evidence from the two sites, weighting the estimated regression coefficients by the inverse of their squared standard errors. In the logistic regressions, we combined the evidence in an analysis that stratified by site as well as age.
Our analysis of the New York study differs slightly from the analysis reported previously. In our previous report, we retained the trisomy -LB matches and allocated the two control SA groups to the closest age stratum. Here, for comparability with the analysis of the New Jersey study, we adjust for single year of age rather than maintaining the matches. For FSH and estradiol, the two hormones previously analyzed, results are essentially the same.
Secondary analyses
Drawing on data from both studies, adjusting for site, age, day of blood draw and time in storage, we explored whether the strength of associations between trisomy and ovarian age indicators vary with chronologic age (,35 years, 35+ years) or with trisomy type (trisomy 16, other nonacrocentric trisomies, acrocentric trisomies, double and triple trisomies). We do not include the double and triple trisomies in the regression analyses because of their small number. We analyzed the hormones as both continuous and categorical variables. In these secondary analyses, we draw on the LB control group only because the two pregnancy loss comparison groups are too small to be informative. We do not report data on variations with chronologic age because none of the associations varied significantly with age. Table III shows mean hormone levels for trisomy cases and the three comparison groups. Table IV shows adjusted differences in mean ln(hormone) between trisomy cases and each comparison group for each sample and for the samples combined. Table V shows the results of the complementary categorical analyses comparing the odds of hormone levels indicative of old ovarian age for trisomy cases and LB controls. Table VI shows adjusted mean ln(hormone) and the proportion with hormone levels indicative of old ovarian age for each trisomy type. Table VII shows differences in mean ln(hormone) and odds of hormone levels indicative of old ovarian age for each trisomy type.
Results
AMH
AMH, analyzed as a continuous variable (Tables III and IV) , did not differ between trisomy cases and any of the comparison groups for either sample or for the samples combined. Results were similar when the LB control group was limited to women without prior pregnancy losses (not shown). In the categorical analysis (Table V) Trisomic pregnancy and elevated FSH adjusted odds ratio relating low AMH (≤0.186 ng/ml) to trisomy versus LB controls was 1.9 (95% confidence interval (CI): 0.8, 4.2). AMH and the proportion with low AMH did not differ between any of the three single trisomy groups and the LB controls (Tables VI  and VII) .
Follicle-stimulating hormone
FSH, analyzed as a continuous variable (Tables III and IV) , differed between trisomy cases and each of the three comparison groups for the New Jersey sample but not for the New York sample. The association of FSH with trisomy in comparison with LB controls varied with site (P ¼ 0.01).
In the New Jersey sample, on average, mean ln(FSH) was 0.202 higher for trisomy cases than for LB controls, with the 95% confidence interval excluding zero. Mean ln(FSH) was also higher for trisomy cases compared with other SAs, but not significantly so.
In the New Jersey sample, the adjusted difference was greater than the unadjusted difference. The primary reason for the increase was adjustment for storage interval. Storage intervals were longer for women with SAs and associated with decreased FSH. For example, for samples in storage 4.3 -,5.9 years (the longest 1.5-year interval), the unadjusted difference in mean ln(FSH) between trisomy cases (n ¼ 58) and LB controls (n ¼ 62) was 0.19. For storage 2.8-,4.3 years, the difference was 0.18 (44 trisomies, 125 LBs). For storage 1.3-,2.8 years, the difference was 0.75 (three trisomies, 92 LBs).
Combining evidence from the two samples, we estimated that, on average, mean ln(FSH) was 0.137 units higher for trisomy cases than for LB controls, 0.102 higher than for non-trisomic chromosomally abnormal SA controls and 0.063 higher than for chromosomally normal SA controls. The point estimate for the comparison with LB controls corresponded to the prediction that, at the median FSH value for LBs from the two samples (5.2 mIU/ml), FSH levels for trisomy cases are 0.8 mIU/ml higher than FSH levels for LB controls. Results were similar when the LB control group was limited to women without pregnancy losses (mean difference in ln(FSH) ¼ 0.173, not shown). Values are reported in the original scale using the inverse transformation, i.e. exp(mean).
The proportion of women with FSH ≥10 mIU/ml was increased among trisomy cases in both samples (Table V) : evidence from the sites combined showed an adjusted odds ratio (OR) of 3.8 (95% CI: 1.6, 8.9), with no significant difference between sites.
Classification of trisomies by type (Tables VI and VII) showed higher mean ln(FSH) for acrocentric trisomies and non-acrocentric trisomies other than trisomy 16. The categorical analysis was consistent with this result; there were no trisomy 16 cases with high FSH.
Inhibin B
Inhibin B, whether analyzed continuously (Tables III and IV) or categorically (Table IV) , did not differ between trisomy cases and any of the comparison groups at either site or at the sites combined. Results were similar when the LB control group was limited to women without prior pregnancy losses. Classification of trisomies by type (Tables VI and VII) showed significantly higher inhibin B (younger ovarian age) among trisomy 16 cases than among LB controls. The categorical analysis was consistent with this result, although the 95% CI for the adjusted odds ratio included unity.
Estradiol
Estradiol, analyzed continuously (Tables III and IV) , did not differ between trisomy cases and any of the comparison groups at either site or at the sites combined. When the LB control group was limited to women without prior pregnancy losses, using evidence from the two sites combined, the magnitude of the difference between trisomy cases and LB controls increased (difference: -0.108 units, 95% CI: -0.213, -0.004). In the complementary categorical analysis, the proportion of women with low estradiol (≤20 pg/ ml; Table V) was increased among trisomy cases compared with LB controls; in data from the two sites combined, the adjusted odds ratio was 3.2 (95% CI: 1.4, 7.3). High estradiol (≥85 pg/ml) is unrelated to trisomy. Classification of trisomies by type showed significantly lower estradiol in acrocentric trisomy cases compared with LB controls (Tables VI and VII) . The categorical analysis was consistent with this result.
Discussion
The oocyte pool hypothesis led us to predict that women with trisomic pregnancies have lower AMH, higher FSH and lower inhibin B than expected, given their chronologic age. Our data provide only partial support for this prediction, leading us to suggest two alternative hypotheses, one related to the quality of the antral follicle cohort or the dominant follicle that emerges from the cohort and the other related to a possible direct effect of elevated FSH on meiotic error or the likelihood that an abnormal follicle is recruited.
FSH, analyzed continuously, was significantly increased in trisomy cases compared with LB controls. Moreover, ln(FSH) was higher for trisomy cases than for women with losses of other types. While the latter associations are not statistically significant, they support the view that the association is specific to trisomy rather than a reflection All analyses adjust for age in single years (with indicator variables), day of blood draw and interval between blood draw and assay (continuous). For the New Jersey sample, day of blood draw is defined as Day 2 (reference), Days 3 -4. For the New York sample, day of blood draw is defined as Day 1, Day 2 (reference), Days 3 -4. For each hormone, differences between the trisomy case group and the comparison groups were obtained from a single analysis in which trisomy cases were the reference group. We reverse the sign of the point estimates to report the difference for each hormone between the mean for the trisomy cases and the corresponding mean for each comparison group. The adjusted differences for the sites combined are a weighted average of the differences, weighting the estimated regression coefficients by the inverse of their squared standard errors.
of non-specific differences between women with index SAs and women with index LBs. For FSH defined continuously, results differed between the sites, with only the New Jersey site showing increased FSH in trisomy cases compared with each of the three control groups. On the other hand, at both sites, the odds of FSH ≥10 mIU/ml were elevated among trisomy cases compared with LB controls (adjusted OR: 3.8). This juxtaposition of results from the continuous and categorical analyses suggests that the association is confined to FSH levels above a threshold. To explore this suggestion, we calculated predicted values of FSH using least squares regression for the two sites separately, in an urn model analysis (Levin and Robbins, 1983; Gail et al., 1988; Hatch et al., 1990) which adjusted for age, day of blood draw and storage interval, but not for karyotype. The average residuals (observed minus predicted FSH) for trisomy cases begin to increase around a predicted FSH level of 7 mIU/ml, consistent with an association above this threshold (Supplementary data, Figure S1 ). Neither AMH nor inhibin B, defined continuously or categorically, was significantly associated with trisomy. Our sample is sufficient (power ¼ 0.80, a ¼ 0.05, two-tailed) to detect moderate to small changes in these hormones between trisomy cases and LB controls.
For AMH, the detectable shift is 25.8%; for inhibin B, the detectable shift is 12.6%.
Because the odds ratio relating trisomy to low AMH (≤0.186 ng/ ml) was elevated (adjusted OR: 1.9), albeit not significantly, we explored whether the association persisted with adjustment for FSH, defined categorically. It did not. The adjusted OR relating trisomy to low AMH was 1.1 (95% CI: 0.5, 2.8), indicating that low AMH does not have an independent association with trisomy. In contrast, the association of trisomy with high FSH was unchanged when we adjusted for low AMH (adjusted OR: 4.1, 95% CI: 1.5, 10.8).
Inhibin B showed no association with chronologic age in the New Jersey study and only a weak association in the New York study, leading us to conclude that, at least in our samples, this hormone is neither an indicator of the size of the antral follicle cohort nor of the size of the primordial pool.
Estradiol (a secondary indicator), defined continuously, was unrelated to trisomy. Our sample is sufficient to detect an 11.7% shift in estradiol between trisomy cases and LB controls. As an indicator of the size of the oocyte pool, we hypothesized that an association, if present, would be with elevated estradiol. We detected no association with high estradiol (≥85 pg/ml), but a significant association Analyses were adjusted by stratification for age, parametrically for day of blood draw (an indicator variable) and storage interval (continuous). Day of blood draw was defined as Days 3-4 (versus Days 1-2) because data were too sparse to adjust for Day 1. For analyses of the samples combined, the analysis was also adjusted for site by stratification. In the samples combined, day of blood draw is not significantly related to AMH, FSH or inhibin B; Days 3 -4 are positively associated with high estradiol. Storage interval is not significantly related to low AMH or low inhibin B; it is inversely related to high FSH and low estradiol. We do not sum the samples because the ratio of trisomy cases to live birth controls differs between the sites. Results for AMH, FSH and estradiol did not vary significantly between study sites; results for inhibin B differ between sites (P ¼ 0.02).
of trisomy with low estradiol (≤20 pg/ml; adjusted OR: 3.2). One possibility, particularly in light of the multiple tests performed, is that this is a chance finding. Moreover, a single measure of estradiol on Days 1-4 may not tap the phenomenon of interest, namely, the earlier emergence of the dominant follicle associated with greater chronologic age (Klein et al., 1996 (Klein et al., , 2000 . We consider our analyses of trisomy type exploratory because of small sample sizes (Table VI) . Our data (Table VII) suggest that trisomy 16 may not exhibit the same association with FSH as the other trisomy groups. This result is intriguing because trisomy 16 is unusual: it is more common than trisomies of other chromosomes and it increases linearly with maternal age, whereas most trisomies increase at a faster rate after the mid-30s than before (Hassold and Chiu, 1985; Risch et al., 1986) .
Strengths of our study include use of an unselected sample of known fertility. In the New Jersey sample, 42% of women with karyotyped losses and 31% of potential LB controls completed the study. (See Kline et al. (2004) for a similar discussion of the New York sample.) Nevertheless, we think that our sample fairly represents the ovarian age of the population from which it was drawn. Among women who were ineligible for the hormone component (45% of women with losses, 62% of LB controls), the primary reasons for ineligibility were use of hormonal contraceptives, breastfeeding among women with births and pregnancy. We think it unlikely that hormonal contraception (common among our LB controls) or breastfeeding selectively exclude women of younger or older ovarian age. Exclusion of women who became pregnant shortly after their index pregnancy might select against especially fertile women or it may reflect childbearing patterns. We cannot distinguish between these phenomena. Most of the remaining criteria for ineligibility (e.g. use of fertility medications) limit generalizations to women with neither hormonal disorders nor the constellation of circumstances .. ...................................................................................................................................................................................... Trisomic pregnancy and elevated FSH (not all medical) leading to prescription of fertility agents. Other strengths of our study include assessment of hormonal measures without the knowledge of characteristics of the woman, the ability to examine whether associations are specific to trisomic loss and the ability to control non-parametrically for chronologic age, the only consistent risk factor for trisomy. Limitations of our study include the following: first, not all our results, including those pertaining to FSH analyzed as a continuous variable, were consistent across the two samples. One possible explanation relates to chance, particularly given the small number of trisomy cases in the New York sample. Furthermore, there was similarity between the site-specific effects in the categorical analyses. We thus consider that analyses of the combined data yield the best estimates of effect size. Secondly, for the New Jersey sample, the length of time between the blood draw and the assay is inversely related to FSH and positively related to estradiol. The result for FSH is consistent with a previous report (Scriver et al., 2010) . Adjustment for storage interval strengthened the association between FSH and trisomy (although the association was also apparent without adjustment). Adjusting for age and site, the mean ln(FSH) was 0.056 higher for trisomy cases compared with LB controls (analysis not shown); adjustment for storage interval and day of blood draw increased the difference to 0.137 (equivalent to a 2.5-fold increase in the shift in median FSH for trisomy cases versus LB controls). Similarly, in the categorical analysis, adjusting for age and site, the OR for high FSH in relation to trisomy was 2.2; adjustment for storage and day increased the OR to 3.8. We consider that the estimates from the fully adjusted models best summarize the strength of associations. Thirdly, we measured hormones after the index trisomy, not at conception. Among women with pregnancy losses, on average, the interval between the last menstrual period (LMP) preceding conception and blood draw was short (158 days, SD 36, range 103-329); 80% had blood drawn within 6 months of their preconception LMP. Evidence on cycle-to-cycle variability stems mainly from studies of infertile women. It is unclear whether these can be generalized to fertile samples of reproductive age. No study of women unselected for infertility uses the interclass correlation coefficient to evaluate variability, hindering their utility. For follicular phase FSH, two studies (Hansen et al., 1996; Streuli et al., 2008) show similar means in two menstrual cycles; two others (Brown et al., 1995; Jain et al., 2003) indicate that variability between cycles may be greater in older women than younger. For AMH, one study (Streuli et al., 2008) shows similar means in two cycles; most studies (Hehenkamp et al., 2006) focus on intra-cycle variability, showing little variability within a single cycle. For inhibin B, one study (Jain et al., 2003) suggests that variability between cycles may be greater for older than younger women. There is no reason to think that variability (measurement error) is related to the study group. The effect of non-differential measurement error is to attenuate associations. Thus, the strength of the association with elevated FSH may be stronger than we estimate. For AMH and inhibin B, where we did not detect associations, estimates may also be attenuated.
Our findings are consistent with some previous studies, but not others. The most relevant study (van Montfrans et al., 1999) compared women with Down syndrome births and controls. Mean ln(FSH), based on three cycles, was 9% higher for cases than controls (our estimate) compared with ≈14.6% in our data. The OR relating elevated FSH (defined by the upper fifth percentile in controls) 295 (20.078, 0.668) 20.196 (20.557,0.164) 20.025 (20.312, 0.263) FSH ( Estimates were obtained from a single stratified logistic regression analysis. All analyses adjust for site and age (see Table V , footnote a) by stratification, day of blood draw and interval between blood draw and assay (continuous). Trisomy cases were compared with live birth controls. Day of blood draw is defined Days 1-2 (reference), Days 3-4. We were unable to adjust for Day 1 (New York) because there were too few samples. to Down syndrome birth was 3.0 (95% CI: 1.1, 8.6); in our sample, the OR relating elevated FSH ≥10 mIU/ml to trisomy SA is 3.8 (95% CI: 1.6, 8.9). As in our study, inhibin B and estradiol were unrelated to trisomy. Evidence on FSH and other indictors of ovarian age from samples consisting mainly of women pregnant by assisted reproduction (Nasseri et al., 1999; Massie et al., 2008; Haadsma et al., 2009 ) is mixed; implications for naturally conceived pregnancies are unclear. Our results for AMH are consistent with several studies of prenatal diagnosis samples which show no association with trisomy (Seifer et al., 2007; Li et al., 2010; Plante et al., 2010) . Interpretation is hindered, however, by uncertainty about how pregnancy influences AMH levels. Our finding for FSH is consistent with our observation, in a previous prospective study, that menopause occurs 1 year earlier (95% CI: 22.10, 0.18) among women with trisomic pregnancy losses than among women with chromosomally normal pregnancies (Kline et al., 2000) . At the time, we inferred that women with trisomic pregnancies had smaller oocyte pools than other women of the same chronologic age, so that they were chronologically younger when their pools dropped below the threshold necessary to maintain menstruation. Below, we propose a different inference. Our data do not support the oocyte pool hypothesis. As the size of the oocyte pool declines with age, so does the size of the antral follicle cohort (Block, 1952; Hansen et al., 2010) . FSH is in a negative feedback loop with inhibin B, a product of the antral follicles. Thus, FSH may be an indirect indicator of the size of the underlying oocyte pool. This interpretation is inconsistent, however, with the absence of an association of trisomy with AMH. First, AMH, a product of primary, pre-antral and small antral follicles (Weenen et al., 2004; Stubbs et al., 2005) , should represent the size of the pool as well as or better than FSH. Secondly, AMH is more strongly associated with chronologic age than is FSH (Table II; de Vet et al., 2002; van Rooij et al., 2005; Dafopoulos et al., 2010) . The one study that examined correlations between primordial follicle count and hormone levels in women unselected for infertility shows a strong correlation (r ¼ 0.72) between the count and AMH (Hansen et al., 2010) . (Since blood draws were not timed to the menstrual cycle, the correlation with FSH in these data is not informative.)
An alternate interpretation is that the association of trisomy with elevated FSH reflects impaired function of the antral follicle cohort or of the dominant follicle. We think the association between trisomy and FSH indicates that elevated FSH is a characteristic of the woman (i.e. present in most menstrual cycles). Elevated FSH in the early follicular phase suggests diminished production of inhibin B by the antral follicle cohort. Diminished inhibin B levels could indicate (i) fewer antral follicles (the usual interpretation) or (ii) a change in the quality of the individual follicles such that each requires more FSH to develop or requires more time to produce sufficient inhibin B to inhibit FSH production.
We have previously shown, in the New York study, that the antral follicle count on Days 5-7 does not differ between trisomy cases and LB controls (Kline et al., 2004) . Thus, we reject a mechanism related to the number of antral follicles. One measure of follicular quality is inhibin B; yet we did not observe lower levels in trisomy cases. While we do not weigh our observation heavily (discussed earlier), a similar result was obtained in the study of women with Down syndrome births (van Montfrans et al., 2001) . A study of follicular fluid in the dominant follicle, aspirated after stimulation with human chorionic gonadotrophin, suggests that the age-related changes in hormone levels in the follicular fluid do not march in lockstep with serum hormone levels (Klein et al., 2000) . These data raise questions about the validity of serologic measures as indicators of the secretory activity of follicles. Thus, we cannot rule out the possibility that the elevated FSH associated with trisomy reflects an altered quality of the antral follicles.
FSH may be elevated for reasons unrelated to the ovary, yet few factors have been identified. Postulated influences include genetic factors or long intervals of quiescence in the hypothalamic -pituitary ovarian axis (e.g. prior to puberty; Lambalk and de Koning, 1998) .
Our favored hypothesis is that elevated levels of FSH, at some time during the long resting period between the arrest of meiosis I and its resumption one to five decades later, increase the risk of meiotic error. In the ovary, proteins called cohesins maintain chromatid adhesion, facilitate segregation of the homologous chromosomes and keep sister chromosomes paired at the centromere until their separation at meiosis II at fertilization (Hodges et al., 2005; Hunt and Hassold, 2008) . It has been speculated, for example, that deterioration in the protein complex over time might be relevant to the age-related rise in aneuploidy (Hunt and Hassold, 2008) . Evidence from mice suggests that there is little, if any, natural turnover of cohesins during oocyte maturation (Revenkova et al., 2010; TachibanaKonwalski et al., 2010) . Several recent publications support the idea that, at least in the mouse, loss of chromosome-associated cohesins in aging oocytes is associated with aneuploidy (Chiang et al., 2010; Lister et al., 2010) . Thus, factors that increase aneuploidy may act through the cohesin pathway, e.g. by interacting with Shugoshin-2, which protects the centromeric cohesins from phosphorylation and release during meiosis I.
Support for a direct role of FSH on meiosis is sparse. One study (McTavish et al., 2007) of transgenic-FSH mice provides evidence that rising levels of FSH accelerate reproductive aging. On the basis of their observations among super-ovulated mice, the authors also suggest that, at young and middle age, FSH may operate to recruit even suboptimal follicles (based on the morphology, not the karyotype, of oocytes or embryos.) In mouse oocytes matured in vitro (Roberts et al., 2005) , exposure to elevated concentrations of FSH in culture is associated with increased aneuploidy and premature separation of sister chromatids. Another study (Xu et al., 2008) , however, showed no difference between mature oocytes from natural cycles and immature oocytes, also from natural cycles, cultured in a solution of FSH and luteinizing hormone. A study in infertile women (Gras et al., 1992) compared aneuploidy rates in unstimulated cycles with aneuploidy rates in cycles stimulated with (i) human menopausal gonadotrophin (which contains FSH) and other hormones or (ii) a buserelin (GnRH agonist) flare. Although aneuploidy rates did not differ significantly among the three groups, the rate of aneuploidy with hormonal stimulation (34%), irrespective of type, was higher than the rate without (20%). We do not consider here studies which used FISH to assess aneuploidy from blastomeres because evidence casts doubt on the validity of aneuploidy diagnosis in these circumstances (Treff et al., 2010) .
In sum, we propose that exposure to high levels of FSH increases the risk of meiotic error. An effect might be through altering the intrafollicular environment in the cycle in which the trisomic pregnancy is conceived, including increasing the chance that an oocyte with an error is recruited, or by reducing the ability of chromosomes to remain paired during the resting phase between birth and ovulation, perhaps through a direct interaction with cohesins or their controlling proteins. In light of the timing of our measures in relation to the index pregnancy, we favor a hypothesis related to chronic exposure to elevated FSH, say 7 mIU/ml or higher. We speculate that chronically elevated levels lead to faster depletion of the oocyte pool. This speculation is consistent with our observation that age at menopause is earlier for women with trisomic pregnancies.
Our hypothesis has implications for further research on a possible role of FSH in trisomy formation. Our observations suggest it may prove valuable to evaluate FSH level, in addition to chronologic age, when counseling women about their risk of trisomy.
